-Prostaglandin E, (PGE,) content and synthesis have been measured in microdissected segments from the entire nephron of rabbit kidney. PGE, was determined by an enzyme immunoassay on glomeruli or tubular segments (0.5-5 mm) either immediately after microdissection (PGE, content) or after incubation for 15 min at 37°C in the presence of arachidonic acid (PGE, synthesis). We confirmed that collagenase used for microdissection did not modify PGE, synthesis. A linear correlation was found between the length of tubule used in the assay and PGEB synthesis, as well as between incubation time with arachidonic acid and PGE2 synthesis. PGE2 synthesis, expressed in picograms per millimeter tubular length per 15 min, was maximum in medullary collecting duct (517 t 73). High values were also found in the granular portion of distal tubule (134 t 22) and granular or light portion of cortical collecting tubule (199 t 24 and 146 t 10, respectively). Synthesis was lower in all other segments: 17 + 6 and 24 t 12, respectively, in convoluted and straight -proximal tubule, 67 * 12 and 71 t 5, respectively, in thin descending and ascending limb, 51 t 9 and 23 t 4, respectively, in medullary and cortical thick ascending limb of Henle's loop, and 25 t 7 in initial distal tubule. Synthesis per glomerulus was 24 t 3. When the protein content of each nephron segment is taken into account, this profile was not modified, except for the thin limbs of the loop, which reached values per nanogram protein slightly higher than those of the cortical collecting tubule. PGE, content, measured in the absence of incubation with arachidonic acid, was much lower (2-69 pg=mm-l l 15 min-l). The profile along the nephron was similar to that found for PGE, synthesis in the presence of arachidonic acid.
kidney; microdissected tubules; glomeruli; prostaglandin EP content IN RECENT YEARS, MANY STUDIES have been devoted to the synthesis and action of prostaglandins in the kidney (2) . The question of the precise localization of prostaglandin synthesis within the kidney has been approached by several investigators.
Most of the studies concern prostaglandin E2 (PGE2), the major prostaglandin produced by the kidney (2) . PGE2 synthesis was measured in isolated glomeruli (7, 12, 18, 19) , cortical collecting tubules (CCT) (10, 13) , and medullary collecting tubules (MCT) (13) by radioimmunoassay.
Recently, a very sensitive enzyme immunoassay for measurement of eicosanoids has been developed by Pradelles et al. (11) that allows detection of ~0.5 pg PGE2. Using this method, we report here the PGE2 content in the absence of arachidonic acid and PGE2 synthesis in the presence of arachidonic acid, in microdissected nephron segments from the entire length of the rabbit nephron.
MATERIALS AND METHODS
Preparation of isolated tubular segments. Seventeen female New Zealand White rabbits (2 kg body wt, fed a standard diet) were used. Rabbits were killed by a blow behind the neck. Immediately after death, the left kidney was handled as previously described (3): perfusion of the kidney with an ice-cold solution (pH 7.4) containing (in mM) NaCl, 137; KCl, 5; MgSOd, 0.8; Na2HP04, 0.33; KH2P04, 0.44; MgCL,, 1; CaC12, 1; D-ghcose, 5; and TrisHCl, 10 via the renal artery, followed by perfusion of a collagenase solution [a similar solution to which 0.1% collagenase (Worthington, 149 U/mg) was added] under pressure until the rupture of the renal capsule. Thin pyramid pieces, including cortex and medulla, were cut and incubated in the presence of 0.1% collagenase at 30°C for 1 h. After incubation, kidney pyramids were rinsed in ice-cold microdissection solution. Microdissection of tubular segments was performed at 4°C in 3 ml of microdissected solution [similar to the incubation solution except for the absence of collagenase, 0.25 mM instead of 1 mM CaC12 and the addition of 0.1% bovine serum albumin (Sigma)]. The duration of microdissection period was -1 h. The following structures were collected: glomerulus, proximal convoluted tubule (PCT), pars recta (PR), thin descending limb of Henle's loop (TDL) in its initial part, thin ascending limb of the loop (TAL) in its final portion, medullary thick ascending limb (MAL) in its initial portion, cortical ascending limb (CAL), distal tubule in its bright (DCTb) and granular (DCT,) portions, and CCT in its granular (CCT,) and light (CCTI) portions. DCT, and CCT, are also referred as "connecting tubules," since they present comparable aspects and cellular cell types. MCT were collected at the level of the initial parts of MAL (i.e., in the deepest part of the inner stripe of outer medulla). In the rabbit, more distal parts of MCT, in the papilla, are difficult to obtain free of contaminating cells. In the PGEz ALONG THE NEPHRON F239 present study we took particular care to obtain clean tubules, to avoid the presence of attached interstitial cells that synthesize PGE,. Only three MCT that seemed free of contaminating cells were obtained from the papilla.
A pool of tubular segments (0.5-2 mm each) of each category was transferred with 2.5 ~1 microdissection solution into 100 ~1 fresh microdissection solution kept at 4°C in the cavity of a microscope slide. The length of each tubular segment was measured using an eyepiece micrometer.
Single tubular segments or pools of tubules (up to 10 mm) were transferred with 2.5 ~1 solution in Eppendorf plastic tubes previously filled with 50 ~1 microdissection solution, with or without 10 pg/ml arachidonic acid, and kept at 4°C. Experiments in the absence of arachidonic acid permit assessment of the PGEZ content of tubular segments. Studies in the presence of a large excess of arachidon .ic acid as a substrate were designed to measure the capacity of individual segments to synthesize PGEZ. Incubation of tubules (in presence of arachidonic acid) was performed at 37°C for 15 min. At the end of incubation, tubes were rapidly frozen and kept at -20°C until the enzyme immunoassay.
In most experiments, several types of tubular segments were studied. Arachidonic acid (Sigma grade 1) was purified on silicic acid column chromatography prior to use. Preliminary experiments showed that similar results were obtained with arachidonic acid concentrations of 10, 50, or 100 pg/ml. This confirms previous reports in which PGE, synthesis as a function of arachidonic acid concentration reached a plateau at -5 ,ug/ml arachidonic acid (19). In two experiments, we checked that PGE2 synthesis in presence of arachidonic acid was inhibited by flurbiprofen, a cyclooxygenase inhibitor: in isolated CCTI, almost complete inhibition (94%) of synthesis was observed with 20 PM flurbiprofen.
With only 10 PM, the inhibition was partial (58.5%).
PG.& measurement.
Enzyme immunoassay for PGEz has been established by Pradelles et al. (11) . Briefly, the principle of this assay is similar to radioimmunoassay, except that the labeling of the PGE, tracer is accomplished by coupling PGE, to an enzyme (acetylcholinesterase, EC 3.1.1.7) instead of incorporating a radioactive tracer (e.g., 1251) into PGE2. This procedure is illustrated in Fig. 1 of PGE2 are placed together with a known limited amount of specific rabbit antibody against PGE,. This reaction takes place in a microtiter well, the surface of which has been previously coated with purified antirabbit immunoglobulin antibodies, which immobilize antibodies against PGE2. After washing, a calorimetric reaction is used to measure acetylcholinesterase activity. This activity varies as a function of the relative amounts of PGE, present in the sample and PGE2 coupled to the enzyme. A typical calibration curve is shown in Fig. 2 at 4°C. The plates were then washed with 10m2 M phosphate buffer (pH 7.4) containing 0.05% Tween 20 (Multiwash apparatus), and 200 ,~l of Ellman's reagent (to measure acetylcholinesterase activity) were automatically dispensed into each well by using the Autodrop apparatus. After 30-240 min, the absorbance at 414 nm of each well was measured by using a Multiskan MC spectrophotometer. Nonspecific binding was determined by using an incubation mixture in which the specific antibody was replaced by 50 ~1 of assay buffer. The amount of tracer bound in the absence of eicosanoic competitor (Bo) was determined in separate wells containing 50 ~1 of assay buffer instead of standard PGE2 or sample. Results are expressed in terms of B/B0 x 100, where B and B0 represent the absorbance measured on the bound fraction in the presence or absence of PGE2, respectively. Fitting of the standard curves and calculations of the quantity of PGE, in biological samples were done with a microcomputer (MiniMinc, Digital) using a linear log-logit transformation.
All measurements were made in duplicate. The standard curve (4 to 500 pg/ml) and samples were diluted in microdissection solution. We checked that over a large range of concentrations (0.1 to 5,000 rig/ml) PGE2 antibodies did not bind arachidonic acid. The amount of PGE2 was expressed either in picograms per millimeter tubular length per 15 min or in femtograms per nanogram tubular protein per 15 min. For these latter units, we used the protein content per millimeter tubular length reported by Vandewalle et al. (20 Time dependency of PGE2 synthesis in kidney homogenates. In a separate experiment, we determined the time dependency of PGE2 synthesis in the presence of arachidonic acid in cortex, medulla, and papilla. Kidneys were perfused and removed as described above. Thereafter, outer cortex (from kidney surface to arcuate vessels), medulla (from arcuate vessels to the junction between thin and thick ascending limb), and inner medulla (papilla) were separated under microscopic examination.
Tissue samples (80-140 mg) from each category were incubated in the presence of collagenase for 1 h at 30°C
in conditions strictly similar to those used for obtaining isolated tubules. Samples were rinsed in 5 ml of ice-cold microdissection solution and incubated with arachidonic acid up to 60 min. PGE2 synthesis was measured on aliquots at 5, 10, 20, 40, and 60 min.
Statistical analysis. Variance analysis was used to compare results from one category of tubule with another or from one animal with another. It should be noted that, due to the variability of microdissection conditions between kidneys, the number of tubular segments of each category differs from one experiment to another. In some experiments few, if any, segments from a particular category of tubule were obtained. For statistical comparison of interanimal differences, for a given category of tubule, only experiments including at least four determinations were used.
RESULTS
The time dependency of PGE2 synthesis in the presence of arachidonic acid was examined both in kidney slices from cortex or medulla (Fig. 3 ) and in isolated CCT (CCTI) (Fig. 4) . In both cases, accumulation of PGE2 in incubation solution increased with time from 5 to 60 min without reaching a plateau. In isolated segments and in inner medullary slices this increase appeared to be linear, whereas the rate of synthesis seemed to decrease slightly in cortex and outer medulla after lo-20 min incubation time. One should notice in Fig. 3 values in inner medulla are about two to three times higher than in outer medulla, and 60-100 times higher than in cortex. Figure 5 illustrates the relationship between the length of tubules used for the assay and the amount of PGEz synthesized for DCT, + CCT, (Fig. 5, bottom) and CCTI (Fig. 5 top) presence of arachidonic acid, is shown in Fig. 6 . On the left side of the figure, results are expressed in picograms per millimeter tubular length or per glomerulus. Variance analysis indicated that differences between segments were highly significant (F = 30.93, P < 0.001). The highest values, by far, were observed in MCT, which significantly differed from all other categories (P < 0.001 vs. CCT,). Values in the DCT, and in CCT (CCT, + CCTI) did not differ. Although about one-third that in MCT, PGEz synthesis in these segments was also significant and significantly higher than in the glomerulus, the PCT, and the thick ascending limb of the loop of Henle (MAL + CAL) (P < 0.025). PGE, synthesis in the DCTb was similar to the thick part of the loop of Henle. In the thin part of the loop of Henle, either TDL or TAL, PGEI;! synthesis was intermediate between proximal and distal structures. It was somewhat higher than in the PCT, although differences did not reach statistical significance and was significantly lower than in the CCT. In the right panel of Fig. 6 , values are expressed as femtograms per nanogram protein. These values have been calculated by using the protein content per millimeter tubular length reported by Vandewalle et al. (20) . This calculation did not drastically change the relative distribution of PGE2 synthesis along the nephron, except for the thin portion of the loop of Henle, either descending or ascending. In these very thin segments the PGE, synthesis, when expressed per nanogram tubular protein, reached values even higher than in the CCT. This calculation reduced further the values in the PCT as compared with the other segments. Figure 7 shows the distribution of PGE, content along the nephron in the absence of incubation with arachidonic acid. Indeed, values are much lower (by about one order of magnitude) than in presence of arachidonic acid. Variance analysis between segments yielded a F value of 5.71 (P c 0.01) essentially due to relatively high variability in MCT. Irrespective of the units used (i.e., tubular length or protein content), the only clear and statistically significant difference was the high PGEz content of MCT, as compared with every other segment. The scatter of the data was greater in the absence than in the presence of arachidonic acid, particularly in MCT and DCTb.
To examine the respective role of interanimal vs. intraanimal variations in the scatter of data. we performed a variance analysis of PGEz synthesis from &animal to animal for different categories of tubular segments. This was done for TDL, MAL, CCT,, and CCTI, where more than four tubular segments of each particular category per animal, from at least three different animals, were collected. F values ranged from 3.5 to 8.5, indicating significant differences (P < 0.05) between animals. However, these F values are considerably lower than that found when comparison was done between segments for the overall population (F = 30.93). Thus, for a given tubular segment, interanimal variation was partly responsible for the scatter of data. However, this scatter was also due to intra-animal variations. These two factors can be directly seen by comparing Fig. 5 , where CCTl from all animals are plotted, and Fig. 4 , where CCTl were obtained from the same animal. In the first case, values varied by a factor of -5-10 as compared with 3-4 in the latter case. This variation did not affect relative values between segments, from one animal to another, so that the profile of PGEz synthesis along the nephron did not differ between animals.
DISCUSSION
Enzyme immunoassay permits detection of amounts of PG& as low as 0.2 pg and appears to be a powerful tool for studying the profile of PGE, synthesis along the nephron. Once the tubular segment is dissected and placed in a microtiter well, the whole sequence of technical steps is performed in this well without need for further transfer. Successive steps of the assay are automated. It can be directly applied to PGE2 measurement in individual tubular segments (0.5-2 mm length). Since collagenase does not affect PGE2 synthesis, as previously shown by Schlondorff et al. (13) and as reported here, many tubular segments from the same kidney can be obtained and compared. The validity of these measurements is assessed by the high correlation between the tubule mass and PGEZ synthesis and by the linear time dependency of PGE2 production.
The present results clearly indicate that, among the different segments of the nephron, the MCT possesses by far the highest PGE2 content and PGE2 synthetic capacity. CCT exhibit, although to a lesser extent, a high PGEZ synthetic capacity. This is also true for the DCT, but not for the DCTb. When expressed per millimeter tubular length, all other parts of the nephron have low PGEz synthetic capacity. When one takes into account the protein content per unit length, this distribution is not modified, except for the thin portion of the loop of Henle, either descending or ascending. In fact, the ability to synthesize PGE2, expressed per milligram protein, is even higher than that of the CCT.
In the medulla, the main site of PGE, synthesis, the presence of interstitial cells with a high capacity for PGE, synthesis raises the question of possible contamination of microdissected tubular segments by these cells. Although great care was taken to obtain "clean" segments, this caveat cannot be ruled out. However, if this were the case, one should expect a similar contamination of all tubular segments collected at the same medullary level. In fact, MCT and MAL dissected at the same level (deepest region of inner stripe of outer medulla) exhibit very different levels of PGE2 synthesis. On the other hand, the two parts of the thin limb of Henle (TDL and TAL) were obtained from different zones of the medulla (TDL from superficial limit of inner stripe of the outer medulla, and TAL from superficial region of the papilla) but exhibit comparable values. Bohman (1) and Grenier and Smith (6) have estimated that the production of PGEz by interstitial and MCT cells is probably roughly equivalent. Thus, even if some contamination were present, it cannot explain the high PGE2 values found in MCT. In three cases, we dissected MCT located in the papilla, whereas other MCT were from the outer medulla. Very high values (581, 872, and 1,108 pg/mm) of PGE, synthesis were found in these three papillary MCT. This result, together with the general aspect of the profile of PGE, synthesis along the nephron, may indicate that, in fact, a progressive increase in PGE, synthesis takes place along the terminal parts of the nephron, from the distal tubule to the papillary collecting duct.
Few data on PGEz synthesis by isolated tubular segments are available in the literature. They concern only the collecting tubule. In the absence of arachidonic acid in the incubation solution (i.e., in basal conditions), Schlondorff et al. (13) , using a radioimmunoassay, reported equivalent values in CCT and MCT (50-100 pg. mm-'. 20 min-l). These values are close to our MCT values, whereas PGE2 in our CCT was about five times lower. Precise comparison of absolute values, however, is somewhat difficult for at least two reasons. First, as pointed out by Schlondorff et al. (13) , basal levels are highly dependent on experimental treatment, which differs between laboratories. Second, a large scatter is present within segments. After incubation with 2 PM arachidonic acid, a concentration lower than ours, Schlondorff et al. (13) found values in CCT (384 pg.mm-' l 10 min-') higher than ours. However, the relative increase in the presence of arachidonic acid, as compared to basal conditions, was -lo--15-fold, a ratio comparable with ours. They did not examine MCT in this condition. Again, these authors emphasize the scatter of data, since their values vary by more than one order of magnitude. In our experiments with arachidonic acid, for CCT, as well as for other segments, the variability was less, as can be observed for CCTl from individual data points from all experiments (Fig. 5) or from a single kidney (Fig. 4) . Since it has been directly shown that enzyme immunoassay has greater specificity than radioimmunoassay (II), this could partly explain the lower scatter in our series. In addition, although rabbits were in similar basal conditions, one cannot exclude that a role of differences in hormonal status (e.g., steroids or antidiuretic hormone) might account for variations between animals, since these hormones have been shown to influence PGE2 synthesis. Another report on PGE, synthesis (radioreceptor assay) in CCT, after incubation with arachidonic acid (lo), yielded values close to ours (4,000 pg. rug protein-' l h-l). A comparison of relative PGEz synthesis, in the presence of arachidonic acid, by MCT and MAL was done by Jackson et al. (8) . Their conclusion was that MCT but not MAL is a site of synthesis of prostaglandins, a finding that qualitatively agrees with ours. Low cyclooxygenase activity was also reported in cell suspension enriched in MAL cells (4).
Several studies on isolated or cultured cells (5, 6, 14) established that MCT cells are a major site of PGE, production. In particular, Schlondorff et al. (14) showed that PGEz synthesis is five times higher in these cells than in isolated cells from the medullary thick ascending limb of the loop of Henle.
Several reports on PGEz synthesis by glomeruli appear
